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.PRELINIBARY INVESTIGATION OF THE EFFECT OF COl4PBESS1BILIT~ 
ON THX kiXX Il4UM L  IF T  C OEFF I C IENT 
By John S t a c k ,  Honry A .  F p d z i u k ,  and H a r o l d  E .  C l e a r y  
SUMNARY 
Preliminary d a t a  .ire pr ,*spntr , .?  on t h o  ' v a r i a t i o n  of 
t h e  maximum l i f t  c o o f f  i c i ~ n t  wi . th  .Iinch number ,  Tho fia.ta 
w e r e  o b t a i n p c ?  f r o m  t ~ s t s  i n  t h c  8-f o o t  h i g h - s p ~ e d  t u n n a l  
.of t h r p p  NdCA 1 6 - s n r i e s  a i r f o i l s  of 1-foot,  chord..  Weas- 
u r ~ i n ~ n t s  c o n s i s ' t ~ ? .  p r i m a r i l y  of p r ~ s s u r e - d i s t r  i b u t i o n  
n c a s u r ~ m o n t s  i n  o r d p r  t o  illustrate. t h e  n a t u r e  of t h e  
phonomena.  
It. was f o u n d  t h a t  t-hq maximum 1i.f t c o n f f  i c i e n t  of 
a i r f o i l s  i s  m a r k e d l y  p f f ~ c t p ?  by  c o m p r ~ s s i b i l i t y  ?vPn a t  
I i i ach  numbers  A S  low P S  0 .2 .  A t  . h i g h  Mech numbers  p r o -  
n o u n c ~ d -  i n c r e a s e  of t h e  maximum l i f t  c o ~ f f i a i e n t  was 
f  ourz?., The m a g n i t u d e  3f t b ~  o f f p e t s  of c o m p r e s s i b i l i t y  
on t h ~  maximum l i f t  c o c f f i c i ~ n t  a n $  t h e  l o w , s p ~ ~ d s  a t  
w h i c h  these a f f  ~ c t s  f i r s t  appoar i n d i 0 8 , t o  c l p a , r l y  t h a t  
c o n s i + ~ r s t i o n  of t h ~  t a k p - o f f  t h r u s t  f o r  p r o p e l l e r s  w i l l  
g i v e  r e s u l t s  s e r i o u s l y  i n  .error i f  t h e s o  c o n s i d e r a t i o n s  
a r e  b a s e 6  on t h e  U S U Z ~  low-speed m a x i m u u - l i f t - c o e f f i c i a t  
c ' a t a  g P n P r ~ l l y . u s o d ,  
* IBTBODUCTION 
/ 
The r o l a t i v ~  i l l e r i t s  of C i f f o r e n t  p i r f o i l .  s e c t i o n s  
s u i t a b l e  f o r  P rop .11ers  e r e  f r ~ q u ~ n t l y  e v a l u a t e 3  by c o n s f ? -  
p r a t i o n  of t h p i r  c r i t i c a l  s p ~ e f i s  a t  low l i f t  c o e f f i c i e n t  
a n 3  t h ~ i r  v a l u e s  of mslximum l i f t  c o ~ f f  i c i ~ n t  a s  P L e t o r r n i n ~ r ?  
f r o m  l o w - s p ~ o c ?  t e s t s ,  The b a s i s .  r f  s u c h  a  c o n s i r ' ~ r a t i a n  
i s  t h o  a s s u m p t i o n  o f t o n  ma8.e t h a t  b p c a u s e  t h ~  s p e ~ + ~  i s  low 
i n  t h e  t ~ k p - o f f  c n n P i t i o n  t h ~  c o m p r ~ s s i b i l i t y  e f f e c t s  mPy 
6 b ~  i g n n r ~ 3 ,  A c t u a l l y ,  c o m p r ~ s s i b i l i t y  p f f  p c t s  may bo of 
v i t a l  i m p n r t a n c a  i n  t h o  t a k ~ - o f f  c o n f l i t  i o n  b e c a u s e  t h o  p r n -  
~ p l l p r  s o c t i n n s  a r e  o p e r ~ , t i n g  a t  h i g h  l i f t  c n e f f  i c i e n t s  
f o r  w h i c h  t h e  inc 'uce?  v e l ~ c i t i o s  a r ~  h i g h  a n + ,  c n n s ~ q u e n t l y ,  
t h e  c r i t i c a l  s p e n d s  2 r p  v e r y  low. B o c a u s ~  t h r u s t  a v a i l -  
a b l e  f o r  t ake- -o f f  i s  g e n e r a l l y  c ! c t c r m i n ~ f l  by  t h e  m a g n i t u d e  
of t h o  maxiroum l i f t  c o ~ f f i c i e n t ,  i t  i s  t h c r e f  o r p  i m p o r t a n t  
. $ D  . k n o w - t h p .  v n r i n t i o n  of  t h o  rnaximum l i f t  c o ~ f r i c i ~ n t  w i t h  
-Mach numbor . 
* - A 
I t  h a s  b e e n  s h o w n ' i n  r e f e r e n c e  1 a n $  e l s e w h e r p  t h a t  
v e r y  l a r g p -  c h a n g m s  i n  t h e  c h a r a c t e r i s t i c s  a f  a n  a i r f o i l  
o c c u r  a s  t h ~  f r ~ e - s t r e a b  s p o e $  i s  i n c r e a s b d  t o  f a i r l y  
l a r g e  v a l u ~ s .  I t  h a s  a l s o  b e ~ n  shcwn t h a t  t h e  s p e e d  a t  
w h i c h  d ~ t r i m ~ n t a l  c h a n g ~ s ~ i n  b h ~  ~ . i r f o i l  c h a r a c t o r i s t i c s  
o c c u r  i s  P f u n c t i ~ n  of t h ~  l i f t  c ~ ~ f f i c i o n t  a n d  d ~ c r o a s ~ s  
w i t h  i n c r m a s e  i n  l i f t  c o o f f  i c i o n t .  C a l c u l a t i o n  of c r i t -  
i c a l  s p ~ o d s  i n  tho r a g i o n  qf t h n  m a x i m u m ~ l f f t  c n ~ f f i c i o n t  
g i v o s  v e r y  l o w  v a l u q s .  F o r  o r d i n a r y  a i r f o i l s ,  e r i t i c a l  
s p ~ e d s  nf ' t h e  n r d o r  of 1 5 0  m i l e s  p e r  h g u r  a t  s e a  l p v p l  
a r e  o b t a i n ? ? - ,  T h i s  - i o w  c r  i.t i c a l  s p o ~ f i  i s , .  of o o q r s e ,  a 
c ~ n s o q u e n c e  of t h e  v e r y  h i g h  l o c a l  v o l o c i t i ~ s  o v e r  t h e  
l e a d i n g  oggo p o r t i n n  of a n  a i r f  o i l . a t  h i g h  a n g l e s  of a t -  
t a c k ,  b l t h q u g h  s h n c k  rogy n o t  f o r m  p t  t h e  c a l c u l a t e d  v a l u e  
o f  t h ~  c r i t i c a l  s p e p ?  b ~ c a u s e  of t h o  c r i t i c a , l ' f o r m  nf t h ~  
a r e s  sure-8 i s t r  i b u t  i o n  d i a g r a m ,  s m p a r z t  i o n  i s  known t o  
o c c u r .  B e c e u s ~  t h e  naximum l i f t  phenomenon i s  o s s ~ n t  l a 1 1 y  
a s ~ t p a r a t i o n  phenomenon,  . l a r g e  c h n n g p s  i n  t h p  maximum 
l i f t  c ~ ~ f f  i c i e n t  m i g h t  be P X ~ Q C ~ P ? ,  D ~ t r i r n ~ n t a l  o f f  P C ~ S  
have  % p e n  founc? f o r  a n  l!LCA 0012 a i r f q i l  a t  a Mach number 
a,s low a s  0.2 ( r e f e r e n c e  2 ) .  
. .  - 
T3ko-off opprp  t i n n  'of p r  9 p e l l ~ r s  g ~ n e r s l l y  1 ~ a . d ~  t o  
t i p  Mach numbers  a s  h i g h  a s  0 . 9 .  H e n c e ,  e-ven t h o  i n b o a r d  
s ~ c t i o n s  may show i m p n r t p n t  c o m p r e s s i b i l i t y  ~ f f p c t s  On 
th ;  ~n;?xiiiiuril l i f t  c r )e f f  i c i o n t .  T h o r ~ f  D ~ P ,  t h e  .whole take- 
o f f  p e r f  ormance a a y  be a f f  e c t ~ ? .  Wi th  s u c h  c p ~ r a t i n g  
c n n d i t i 2 n s ,  a c o m p ~ r  i s o n  of s e c t  i c n s  b a s e ?  on l o ~ - s p p e +  
? s t a  i s  c o n p l ~ t ~ l y  i n v a l i ? . .  - .  
Sn~no r l a ta  qn t h e  v a r i n t i n n  of lilaximu~il l i f t  c o e f f  i c i e n t  
w i t h  ,Mach number are a l r e a d y  a v a i l r b l ~  i n  r e f  e . r ~ n c - c s  1 a.nd 
. 3 aria t h e s o  d a t a  i n e i c a t o  t h a t  h i g h  v a l u ~ s  nf ,maximum l i f t  
c ~ o f f i c i e n t  aa,y b e  n b t a i n e d  i n  snme i n s t a n c e s ,  T h e s e  d ? t a ,  
how,ever,  a r c  r a t h o r  l i ~ ; i t p i !  a n ?  nn c l e a r  i n c ' i c a t i n n  cf t h p  
p h e n n n n n a  i s  inc? icak ted  . T ~ P  R e y n c l ? s  number f o r .  t h e s e  
r ' a t a  i s  l o w e r  t h a n  t h o  . o p s r a t  i n g  R&ynolr is  n u r a b ~ r  f o r  p ~ o -  
p e l l p r  b l - ~ ? ~ -  s ~ c t i n ~ s  an$ t h i s  f a c t o r  i s  - i m p o r t a n t  b.ecausp 
~ r n p ~ l l e r  z q c t  i n n s  . n r r l i n a r i l ; y ,  o p p r i i t p  i n  a  c r i t i c p l  
. R ~ y n n l f l s  n u m b ~ r  r .angc,  ' A f u - r t h ~ r  ' l i m i t a t i . c n  ' i s  ?up  t o  
t u n n ~ l - w a l l  r f f ~ c t s  b e c a u s p  o f  t h ~  r e l a t i v e , l y  1arg.c s i z ~  
of m ~ ? o l  ' t c  t u n n n l ,  t h o  r a t i n  of t h o  a . i r f . o i l  c h o r d  t o  t h e  
C 7 i a m o t ~ r  6f t h e  tunne-1 b o i n g  a p p r o x i m ~ t e l y  0 , 1 8 ,  
. . 
B e c a u s e  rlf t h o  i m p n r t a n c e  of t h e  e f f e c t  ~ f  co:2prrs- 
s i b i l i t y  On t h ~  n a x i ~ u n  l i f t  c r e f f  i c i c n t  a n ?  t h o  incoid- 
p l o t @  d a t r  a v a i l a b l e ,  a  d e t a i l ~ s -  i n v c s t i g a t i ~ n  qf t h e  php- 
n n s e n a  h a s  b e e n  p l a n n e d  b y  t h e  NACh,. The g e n e r a l  i n v e s -  
t i g s t i ~ n  w i l l  i n c l u c ' e  t e s t s  of s p v o r a l  ~ , i r f o i l s .  c n v p r i n g  
r ~ p r ~ s ~ n t 8 t  i v ~  hickness and csmbnr  r a n g e s ,  k p a r t  nf t h e  
i n v o s t  i g ~ t  i n n  h a s  b o o n  c o m ~ l e t ~ d  an8. a p e r t  of t h e  2 a t a  
s c ~  f a r  n b t ~ i n ~ d  i 6  r a p c r t c r l  h e r e i n .  
The t e s t s  w P r 0  c n n d u c t e d  i n  t h e  NACX 8-f o o t  h i g h -  
spepd  t u n n r l  on rtnC701s cf 1-fact ch9rd  i n  n r d e r  t o  n b t a i n  
h i g h o r  I i e y n n l d s  nurnbpr a,nd r~r?ucc . ;7  b r a 1 1  e f f  a c t s ,  The 
t e s t  s  c ~ n s i s $ o d ,  D r i n c i p a l l y ,  of prnssurp-f l  i s t r i b u t  i q n  
n n a s u r e n o n t s  p t  nnc s t a t i n n  a t  t h o  c o n t o r  r f  t h o  a i r f o i l  
m n d ~ 1 ,  w h i c h  s p a n n ~ e  t h ~  t u n n ~ l ,  The r e s u l t s  a r a  ~ S S - n -  
.t i a l l y  two-? i m c n s i n n a l .  P a r t  i c u l ~ r  e m p h a s i s  .was placed 
on p r e s s u r a - 3  i s t r i b u t i o n  t e s t s  r a , t h ~ r  t h a n  nn f n r c e  t e s t s  
b ~ c a u s e  t h o  t y p e  of phonnnona t h a t  o c c u r  i s  m n r e  c l ~ a r l y  
i l l u s t r ~ t e * ,  Tho-Mach  nunbnr  r a n g o  ~ x t ~ n ? e d  f r n m  0 . 1 2  t n  
0.53. 
The NXCA 8-fnnt  h igh-speo?  t u n n ~ l  i n  w h i c h  t h e  t e s t s ,  
w e r p  c ~ r r i e ~  o u t  i s  a  s  i n g l . 3 - r e t u r n ,  c i r c u l a r - s e c t  i n n ,  
- c l n s ~ d - t h r o a t  t u n n ~ l .  Tho a i r s p ~ e ? .  i s  c o n t i n u o u s l y  cnn- 
t r o l l a b l c  f r n n  a b q u t  75  tc. 5 5 0  r n i l r s  p e r  h o u r .  T ~ P  t u r -  
b u l p n c p  r f  t h e  a i r  s t r ~ a 1 2  a s  i n e i c a t e c '  b y  t r a . n s i t i h n  m@a,s- 
u r e u e n t s  nn  a i r f o i l s  i s  u n u s u a L l y  low b u t  somowhat h i g h e r  
t h a n  i n  f r e e  a i r .  
Thran ,  no;lels h a v i n g  NXCA 16-209,  16-509, and 16-515 
a i r f  g i l  s e c t  i c n s  of 1-f o n t  c h o r e  w o r n  i n v e s t  i g a t ~ f l .  T h i r t y  
p r p s s u r p  of i f  i c e s -  C l i s t r i b u t e C !  &, long  t h o  c'horc? w e r o  l o c z t e d  
a t  p s s ~ n t i a . l l y  t h ~ .  s p a n w i s e  s t r t ' i c n  a t  th ;  c e n t e r  of t h e  
a i r  s t r e a r . ? ,  Thc :r i f  i c ~  1oc .a t ions -  an?  a i ~ f  o i l  s h a p e s  a r p  
sho.wn i n  f i g u r c  I ,  T ~ P  a i r f c i l  o r t ! ! i2n? t~s  w e r e  c a l c u l a t ~ d  
by  t h e  ri.etho?-s ? e s ~ r i b e $ ~  i n  r ~ f e r ~ n - c e  4 a.n? a r e  g i v e n  i n  
t a b l a  I ,  
The n . d ~ l ,  when m o u n t e e L - i n  t h e  t u n n e l ,  c o n p l ~ t e l y  
s p a n n e d  t h c  j e t  ( f i g .  2 ) .  ' E x c ~ p t  f  clr a u x i l i a r y  s t r e a , m l i n ~  
w i r e  b r a c i n g ,  r e q u i r e 8  b e c a u s a  of s t r u c t u r a l  c h n s i d e r a t i n n s ,  
t h o  s  t ~ , n i ' a r ?  8-f o o t  h i g h - S ~ P P ~  t u n n e l  1 2 o ? 0 1  m o u n t i n g  a,nd 
s e t u p  w p r o  p a p l o y e $ .  T e s t s  a t  l o w  a.n$ n ~ f l i u r n  s p e ~ ? s  w i t h  
and w i t h n u t  t h e  b r a c e s  i n c l i c a t o i !  t h p t  I n t e r f P r P n c p  o f  t h p  
a u x i l i s r y  s u p p o r t s  t h e  f l o w  a t  thc, ~ ~ e a s u r ~ n m r a t  s t a t i o n  
was n o g l i g i b l ~ .  
I I ~ . a s u r o ~ ~ . n t s '  c o n s i s t ~ d  , p r i n c i p a l l y ,  of t h e  c h n r t ' w i s e  
p r P s s u r e  c7 i s t r i b u - t $ o n  s t  t h p  n i r ' s p a n  r e g i c n .  The s u r f a c e  
o r i f  i c ~ s  i n  t h e  a i r f o i l  w e r ~  c o n n o c t ~ r '  tr,  a i r l u l t i p l ~ - t u b ~  
L - ~ n n ~ r ~ ~ t ~ r  - l o c a e &  c u t s i ' ? e  t h o  t e s t  s e c t i o n ,  The p r ~ s s u r ~  
t u b i n g  c G n n P c t i n g  t h e  n r i f  i c e s  was cif s m a l l  $ i n . m ~ t e r  a n ?  
was l ? c g t c , ?  w i t h i n  t h e  wing .  S i ~ i u l t a n o o u s  r e c o r d i n g  of t h e  
, p r P s s u r o s  a t  a l l  q r i f i c p s  i n  t h o  wing was-nad.0 b y  pho tn-  
g r a p h i n g  - tho mul t  iplp- tub^ m a n r a p t  pr. . 
I 
Tho-Mach n u m b ~ r  r a n g e  ~ x t s n P ~ P  f r n m  0.12 t o  0.53, 
I 
The R o y n n l 6 s  n u n b e r  r a n g o  nf t h e  t e s t s  anfl t _ h ~  v a r i a t i o n  
I ~ f  t h o  ; R - ~ y n ~ l ' ~ s s  number w i t h  t h p  Mach nu:;bw a r ~  skrnwn i n  
I l i f i g u r ~  3. Thorp  i s  a l s o  i n a l u ? o 8  i n  f i g u r e  3 a  c u r v e  
: 
I 1 shf iwing  t h ~  r o l a t  i n n  b6twemn t2 ip  R ~ y n o l - i t s  num%or *an8 t h e  
Mach n a ~ b ~ r  f q r unpubli$hoc7 t o s t s  nf a n  NkCA 0012 a i r f o i l  
1 marl- i n  t h e  '19-foot p r e s s u r e  tunnel, d a t a  . fn r  wh-ich a r p  
I inc ' luFnf i  i n  t h i s  r o p r l r t  f  n r  s s u r p n s ~  nf c ~ m ~ a r i s o n . .  
1 
I 
I The maximum l i f t  c o e f f i c i e n t  C was d e t e r m i n e d  , ,  I =,ax 
1 a s  t h e  h i g h e s t  v a l u e  o b t a i n e d  i n  t h e  p o s i t i v e  ang le -o f -  
a t t a c k  r a n g e ,  ,The a n g l e  of a t t a c k  a t  w h i c h  maximum l i f t  
0ccurr.c.d y a r i e d  w i t h  t h e  Mach nurilber M. '?be maximum l i f t  
f o r  t h e F 1 6 - 2 0 9  . a i r f o i l  was f o u n d  t o  o c c u r  a t  a n g l e s  of a t -  
t a c k  between- 8' a n d  10' w i t h  no c o n s i s t e n t  t r e n d  w i t h  Mach 
I 
t number .  F o r  t h e  16-509 a i r f o i l .  t h e  naximum l i f t  o c c u r r e d  
a t  l o 0  a t  low Mach number a n d  d e c r e a s e d  w i t h  i n c r e a s e  of 
Mach n u n b e r  t o  f3O a t  a Mach nuuiber of 0 .53 .  F o r  t h e  16-515 
a . i r f o i 1 ,  t h e  a n g l e  of a t t a c k  f o r  maximum l i f t  was 15' f o r  
Mach numbers  u p  t o  0.25 a n d  d e c r e a s e d  t o  12O a t  a  Mach num- 
b e r  of 0 . 5 3 ,  The v a l u e s  of t h e  maximum l i f t  c o e f f  l c i e n t  
a s  p r e s e n t e d  i n  t h i s  r e p o r t  a r e  a p p r o x i m a t e  v a l u e s ,  h a v i n g  
b e e n  d e t e r m i n e d  a s  t h e  p r o d u c t  of t h e  i n t e g r a t e d  normal-  
f o r c e  c o e f f  i c i e n t  and t h e  c o s i n e  of t h e  a n g l e  of a t t a c k .  
The d r a g  component h a s  n o t  b e e n  i n a l u d e d .  N e g l e c t  of t h e  
d r a g  component g e n e r a l l y  i n v o l v e s  s m a l l  e f f e c t s  'and d o a s  
n o t  i n f l u e n c e  t h e  c h a r a c t e r  of t h e  v a r i a t i o n  ~ f  t h o  maximum 
l i f t  c o p f f  i c i e n t  w i t h  Nach nu :nb~r  t o  a n y  g r e a t  degree. 
Tho v a r i a t i o n  of t h o  ma.xirnun l i f t  c o ~ f f  i c i o n t  w i t h  Mach . 
n u n h e r  i s  g i v ~ n  i n  f i g u r e  4 .  P r ~ s s u r p - e i s t r i b u t i o n  ? i a g r a n s  . 
f o r  a n g l ~ s  of: a t t s o k  i n  t h e  naxirnum-lif t - c o e f f  i c i o n t  r a n g p  
a r e  g i v e n  i n  f i g u r ~ s  5 t o  8: I n  t h o s p  f i g u r ~ s ,  t h e  D r a s s u r p  
c o ~ f f i c i ~ n t  P i s  d e f i n e d  a s  w h P r ~  Ap i s  t h e  
d i f f  p r e n c e  b e t w e ~ n  l o c a l  s t a t i c  p r e s s u r e  a n d  f r e e - s t r e a m  
s t a t i c  p r c s s u r p  a n d  q i s  t h e  dynamic  p r e s s u r e  o f  t h e  
. f r e e  s t r e a m .  P o r  t h e  h i g h e r  s p C I ~ d s ,  o n l y , p a T ; t i a l  p r p s s u r e  
d i s t r i b u t i o n s  a r e  shown. O u t s i d e  of t h e  r e g i o n s  s h o w n ,  
t h e  r ~ s u l t s  a r p  t h n  s a a e  a s  f o r  t h e  l o w e r  s p e b d ,  
T h e r e  i s  a l s o  i n c l u d ~ d  i n  f i g u r e  4 t h e  v a r i a t i o n  of 
t h e  maximum l i f t  w i t h  Mach number f o r  ~ n  N A C A  0012 a i r f o i l  
a s  f o u n d  f r o m  t q 3 a t s  i n  t h o  NACA 19- foo t  p r p s s u r o  t u n n ~ l .  
Thpsn d a t a ,  w h i c h  were  t 2 k a  f r o m  r ~ f e r e n c ~  2 ,  w e r e  f r o m  
f o r c e  t e s t s  of a  wing  h ~ v i n g  a n  a s p e c t  r r t i o  of 6 a n d  t h o  
t i p  ~ f f p c t s  a r e  t h ~ r e f o r ~  i n c l u d e d :  w h n r e e s  t h e  d a t a  
o b t ~ f n a d  i n  t h o  p r a s ~ n t  i n v p s t i g a t i o n  a r p  ~ s s ~ n t i a l l y  
t1un-d im~ns iona ' l .  'Othnr u n p u b l i s h - d  d ~ t p  i n d i c a t e  t h o  
p f f p c t  of t h n  t ' i p s  may s l i g h t l y  i n c r ~ a s ~  t h ~  c r i t i c 9 1  
Nach numbor.  I t  i s  n o t  b ~ l i o v p d  l i k e l y ,  h o w o v e r ,  t h a t  t h e  
c h n r ~ c t p r  nf t h e  variation nf m a x i ~ u m  l i f t  w i t h  M ~ c h  num- 
b e r  w i l l  b ~  s ~ r i o u s l y  a , l t e r ~ d  b y  t h o  t i p  m f f e c t .  
, 
2ISCUSSION 
. '  
Of t h e  f a c t o r s  a f f ~ c t i n g  v ? r i e t i ~ n  of t h ~  ma,xirnum 
l i f t  c n ~ f f i c i ~ n t ,  h e  e f f e c t s  of B c y n o l d s  n u r n b ~ r  a r p  gen- 
P r r l l y  u n d e r s t o o d  e x c e p t .  w h ~ n  a n  i n c r o a s c  of X p y n o l d s  
numbor i s  accompanied b y  an i n c r e a s e  of Ma.ch number ,  
Wi th  i n c r e a s e  of Xach n u m b e r ,  c o m p r e s s f b . i l i t y  o f f  ~ c t s  .be-- 
C Q ~ P  p r o n o u n c ~ d  a n d ,  i n  g e n e r p l ,  l e z d  t o  s o p a r a t i o n  phe- 
nomena w i t h  c o n s e q u e n t  d p c r p a s r  i n  - tho v a l u e  of t h e  maxi- 
mum l i f t  c o ~ f f  i c i r n t ,  As h a s  p r e v i o u s l y  b e e n  shown,  com- 
p r e s s i b i l i t y  e f f  p c t s  on t h e  maximum l i f t  c o ~ f f  i c i p n t  n a y  
p r . n d o m i n a t e  riven at a Iv18ch nuiaber a s  low a s  0 . 2  ( r e f  ~ r ~ n c ~  
2 ) .  F o r  d a t a  o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n  b o t h  t h p  
l i e y n o l d s  nusa 'b~r and.  t h e  Nach number vc . ry ,  A t  v e r y  1o.w 
s p e e d s  t h e  B e y n o l d s  number e f f e c t s  p r e d o m i n a t e  b u t  a t  
h i g h e r  s p p ~ d - s  t h c  e o m p r ~ s s i b i l i t y  ~ f f  e c t s  p r ~ d o m i n ~ t ~ .  The 
camber  a n d  t h o  t h i c k n n s s  r a t i o ,  p a r t i c u l s r l y  a s  t h e   nos^ 
s h a p n  may bp affected, c a n  a l s o  h r v ~  a  l a r g p  e f f e c t  on t h e  
maximum l i f t  c o p f f i c i o n t  3nd  i t s  v s r i ~ t i o n  w i t h  p i t h e r  
R e y n o l d s  number o r  Mach number ,  
The v a r i a t i o n  of t h e  maximum l i f t  c n o f f i c i e n t  p l o t t e d  
a g a i n s t  t h e  1'Iach numbcr i s  shqwn i n  f  i g u r a  4 f  n r  t h e  t h r e e  
3 i r f  0 5 1  s ~ c t i n n s ,  NkCA 16-20?, 16-509,  and 113-515. The 
c h a r a c t a r  nf  t h ~  v p r i a t i n n  of t h ~  maximum l i f t  c n ? f f i c i o n t  
i s  i n d i c s t o d  t n  bm a, f u n c t i ~ n  cf t h e  cambor a n d  t h e  t h i c k -  
n e s s  r a t i o '  Fo r  t h e  NACB 16-209 a i r f o i l  t h e  maximum l i f t  
c o e f f i c i e n t  i s  e s s e n t i a l l y  c o n s t a n t , -  T h i s  r e s u l t  i s  i n  
a c c o r d  w i t h  p r e v i o u s  r e s u l t s  which have d e m o n s t r a t e d  t h a t  
t h i n  a i r f o i l s ,  b e c a u s e  t h e y  g e n e r a l l y  have small l e a d i n g -  
e d g e - r a d i i ;  have  e s s e n t i a l l y , f i x e d  s e p a r a t i o n  p o i n t s .  An 
i n c r e a s e  of camber marked ly  a l t e r s  b o t h  t h e  v a l u e  of t h e  
maximum $ i f %  e o q f f i e i e n t  and  t h e ' v a r i a t i o n  w i t h  Maah number, 
a s  i s  shown by t h e  r e s u l t s  f o r  t h e  NACA 1 6 - 5 0 9 - a i r f o i l .  
-For :  t h l s  a i r f o i l  the .  maximum l i f t  c o e f f i c i e n t  i n c r e a s e s  
' ~ ' n . t P 1  a Mach. number o f  a p p r o x i m a t e l y  0.25 i s  o b t a i n e d ,  
Between Mach numbers of 0.25 and 0 ,40  t h e  maximum l 5 f C  
c o e f f - i c i e n , t  i s  e s s e n t i a l l y  c o n s t a n t  b u t  i n c r e a s e s  markedly  
as t h e  Mach nvmber e x c e e d s  0.40, A h  i n c r e a s e  of t h i c k n e s s  
i n c r e a s e s  t o  a  v e r y  g r e a t  e x t e n t  t h e  magni tude  o-f t h a  gen- 
e r a l  e f f e c t s  o b s e r v a b . f o r  t h e  t . h inne r  16-509 a i r f o i l ' a s  i s  
i n d i c a t e d  -by t h e  d a t a  f o r  t h e  16-515 a i r f o i l .  
: . . - 
. . The i n c r e a s e  in t h e  maximdm l i f t  c o e f f i c i e n t  d b s e r v e d  
a t  low s p e e d s  , i s  s i m i l a r  t o  t h e  Reynolds  number e f f e c t  
commonl:~ o b s e r v e d  f o r  a i r f o i l s  of medium t h i c k n e s s ,  An 
i n c r e a s e  of t h e  Mach number ,  however,  l e a d s  t o  l a r g e r  
a d v e r s e  p r e s s u r e  g r a d i e n t s  back of t h e  peak p r e s s u r e  p o i n t s  
a n d ,  h e n c e ,  t o  t h e  t e n d e n c g  toward  e a r l i e r  s e p a r a t i o n *  
With c o n t i n u e d  i n c r e a s e  i n  Mach number,  t h e  s e p a r a t i o n  * 
t e n d e n c y  becomes g r e a t e r  u n t i l  f i n a l l y  any  f a v o r a b l e  e f f e c t  
due t o  i n c r e a s e  i n  Reynolds  number i s  so  c o u n t e r a c t e d  t h a t  
Bhera i s  e i t h e r  no i n c r e a s e  o r , . a s  i n  t k k ' c a s e  o f  t h e  NACA 
1 6 ~ 6 1 5 . a i ~ f o i 1 ,  a f a i r l y  l a r g e  d e c r e a s e  i n  t h e  maximum l i f t  
c ~ e f f  f c i e n t ,  f h a  f u n d a m e n t a l  mechanism of t h e s e  phanomena 
i s -  n o t  c l z a r l y  u n d p r s t o o a  a n d - c o n s i d e r a b l e  f u r t h e r  i n v a s t i -  
-4 ' g a t  i o n  i s  n e c e s s a r y .  
, The l a r g e  i n c r o a s s  i n  t h e  maximum l i f t  c o e f f i c i e n t  a t  
h i g h  Mach numbers i s ' d u e  t o  r e a r v a r d  movament of t h o  peak 
n e g a t i v e  p r e . s s u r e ,  a s  i s  i l l u s t r a t e d  by t h e  d a t a  i n  f i g u r e s  
5 ,  6 ,  .and. 7.. . A t  a  Mach numbgr of 0.40 t h e  shapa  of t h e  
p r e s s u r e  d i a t r . i b u t i o n  d i ag ram ' i s  t y p i c a l  f o r  t h e  max-imum 
l i f t  c o e f f i c i e n t  r g g i o n  a t  low s p e a d s  whzre a h i g h  n e g a t i v e  
p r o s s u r e  paak  o c c u r s  s l i g h t l y  a f t  t h e  l a a d i n g  zdge.  With 
i n c r e a s o  of s p s e d  compres s ion  shock  o c c u r s ,  which r a d u c e s  
t h a  p r e s s u r e  peak  a t  t h e  n o s e ,  and w i t h  f u r t h e r  i n c r o a s e  
i a  s p ~ o d  t h e  shock .moves  r e a r w a r d  g i v i a g  r i s s  t o  mora ex- 
t o n s i v d  r s g i o n s  of  h i g h  n e g a t i v e  p r a s s u r e .  The l o s s  of 
l i f t  resulting from t h e  ' d e c r e a s e  of t h e  l o c a l  peak t h a t  
o c c u r s  a t  t h o  nos2  a t  low s p e e d  i s  t h e n  o f f s e t  by t h e  more 
c x t e n s i v a  l o w - p r e s s u r e  r e g i o n .  The o f f e o t s  of c o m p r e s s i b i l - .  
i t y  a r e  s i m i l a r  t o  t h o s a  found  a t  lower  l i f t  c o e f f i c i e n t s  i n  
r o g e r d  t o  t h d  f o r m a t i o n  and  r a a r w a r d  movement of shock  and 
t h c  l o c a t i o n  of t h e  p s a k  n e g a t i v ~  p r e s s u r e  ( r a f z r e a u o  5 ) .  
The f a i l u r ~  of t h e  NACA 16-209 a i r f o i l  t n  show t h i s  
i r i c r ~ a s ~  i n  maximum l i f t  c c l o f f i c i c n t  c a n n o t  bo i n t e r -  
p r ~ t ~ d  t ?  mean t h a t  a  d i f f p r o n t  phqnrmenqn o c c u r s ,  An 
r x a m i n a t i o n  nf t h o  p r o s s u r * - d i s t r i b u t i n n  d a t a  p r o s e n t a d  
i n  f igur . - '  8 f o r  t h i s  a i r f - i l  shnws t h a t  t h o  maximum nnga- 
. - - t i v ~  p r n s s u r m  c c e f f i c . i r n t  i s  s l i g h t l y  lo ' s s  t h a n  -2.0. 
Tho c r i t i c a l  IiIach nuubpr  c r r r n s p o n d i n g  t o  t h'is p r e s s u r o  
c c - f f  i c i n n t  i s  s l i g h t l y  a b f i v ~  t h o  h i g h n s  t Mach numbnr 
r o a c h p a  i n ' - t h ~ s o  t 0s t s  a n d ,  h ~ n c a ,  t h o  s h o c k  ' $ h s n n m ~ n n n  
l e a d i n g  t fi t h o  i n c r p ~ s . ' ~  ~ f . t h e  maximum l i f t  'ctfAff i c i a n t  
i s  n c t  @ n c n u n t e r m d .  A t  h i g h o r  s p ~ o d s  whero s h n c k  pho- 
n^mina  wculd  bp b n c o u n t P r a d ,  t h n  maximum l i f t ' c o ~ f f  i c i n n t  ' 
f h r  t h i s  ' a y r f a i l  s 'hquld bn ~ x p p c t ~ d  t 6  s h - w  t h e  s h a r p  
r i s n .  The ncmd f  nr f u r t h o ?  i n v n s t i g a t i n n  of t h i n . l n w -  
c a m b ~ r n d  a i s f r i x s - i s  i n d i c a t n d ,  . 
Tho I n c r n a s p  i n  t h e  v p l u e  nf t h o  maximum l i f t  c n ~ f -  
f  i c i ~ n t  nf ~ p ~ r q x i r n a t ~ l y  0 . 2 5  w i t h  i n c r P a s 0  r f  a i r f  n i l  
d e s i g n  l i f t  c ~ e f f i c i r n t  ( c a m b n r )  3,s shnt~rn by t h o  d a t a  
f n r  t h o  16-209 a n 6  16-509 a i r f n i l s  i n  f i g u r e  4 i s  n p t o -  
w ~ r t h y .  T h i s  o f f  n o t  i s  i m p o r t a n t ,  p r a c t  i c e l l y ,  i n  r n l a -  
t i n n  t n  t h e  t a k e - o f f  p r n b l r m  f n r  p r p p r l l n r s ,  Tha b l a d e  
s h c t i n n s  may bo d o s i g n e d  w i t h  s l i g h t l y  h i g h o r  cambnr t h a n  
wnuld bn d i c t a t n d  by  t h o  d o s i g n  high-spopd l i f t  c n ~ f f i -  
c i n n t  t o  n b t a i n  improvomant i n  t a , k ~ - o f f .  T h i s  improvo- 
mnnt c s n , b n  n f f n c t ~ d  w i t h o u t  p n c n u n t n r i n g  a n y  s ~ r i a u s  
c n m n r a ~ s s i b i l i t y  l 9 s s  a t  h i g h  s p o n d s  b n c a u s ~  t h i s  c l a s s  nf 
a i r f o i l  h a s  a, ra,ngo cf l i f t  c o r f f i c i p n t s  a b o u t  t h o  d o s i g n  
v a l u a  f c r  which  t h o  c r i t i c ~ , l  Mach numbnr i s  s p n s i b l y  con- 
s t a n t .  T h u s ,  t h r n u g h  t h o  u s q  rf  s l i g h t  o v ~ r c a r a b ~ r ,  & 
h i g h o r  b l a d p - s n c t  i o n  maximum l i f t  cr tnff  i c i ~ n t  c a n  b ~  ob- 
t a i n ~ d  w i t h  t h o  c n n s ~ q u o n t  i ap rcv '3mnnt  i n  t h e  t h r u s t  f o r  
t h e  t akp-of f  c n n d i t  i o n  w i t h n u t  m a t e r i a l l y  a f f  ~ c t i n g  t h p  
h i g h - s p ~ ~ d  o p ~ r a t  i n n .  
C n a p a r i s o n  of da, ta  f  qr an NACA 0012 ~ i r f  n i l  t a k ~ n  
f r n m  u n p u b l i s h ~ d  t o s t s  lna,de i n  t h ~  19- fnn t  p r e s s u r e  t u n n e l  
shnws t h o  sainP g ~ n e r ~ l  v a r i a t i c i n  of l i f t  c o a f f  i c i a n t  a s  
dn t h o  NACA 16-515 ?nd t h ~  16-509 a i r f o i l s  i n  t h o  low a n d  
i n t a r m p d i a t ~  speed r a n g o .  Tho Reynolds nuinber n f f ~ c t  i s  
coun ta rac tnc !  b y  t h o  c o m p r e s s i b i l i t y  a f f e c t s  a t  a Mach num- 
b ~ r  o f i ? p ~ r n x i 4 a t o 1 y  0 . 2 0 ,  Thp h i g h o r  values of mpxirnum 
l i f t  c n n f f i c i n n t  i n  t h n  l f i w - s p ~ ~ ?   rang^ a r ~  +up p r o b a b l y  
t o  t h ~  h i g h o r  R e y n o l 3 s  nunbPr  ( f i g ,  3 )  a.t w h i c h  t h e  t e s t s  
of t h i s  a i r f  o i l  w o r e  rnaeo. Tho l a r g e  v a s i z t i n n  e n c o u n t e r e 6  
may indicate m n r o  c r i t i c a l  c n m p r o s s i b i l i t y  o f f p c t s  f r r  
t h i s  t y p o  nf a i r f o i l  s p c t i o n .  
. . SUWilAiiY OF RESULTS 
1. The na&imurt? l i f t  c o r f f I c i ~ n t  cf  a i r f o i l s  i s  a f -  
f e c t e d  b y  c ~ n p r ~ s s i b i l i t y  9 a  marked f p g r ~ ~  a t  14eeh nuu- 
b e r s  a s  low a s  0 . 2 .  . , 
2 .  A t  h i g h  Mach nulilbprs p r n n o u n c ~ d  i n c r ~ a s ~ ~ -  i n  aax- 
iinum l i f t  ~ n ~ f f  i c i r n t  r c c u r .  -. 
3.  The l n w  sppefi f n r  w h i c h  c o m p r ~ s s i b i l i t y  e f f e c t s  
n n  t h o  naximun l i f t  c p e f f  i c i p n t  ;Gay bn @ n c n u n t e r e ?  i n e i -  
c a t e s  t h a t  t h e  maxi:.:um t h r u s t  a v 3  i l a . b l e  f  tnko-riff nay 
b e  r n a r k ~ ? l y  a f f ~ c t 0 8 .  S ~ l e e t i n n  of s ~ c t i n n s  s u i t a b l e  f n r  
pr ~ p e l l n r s  n q s t  , t h e r n f  n r ~ ,  b o   ma$^ w i t h  -7ue c n n s i d ~ r s t  i c n  
of t h e  ~ f f ~ c t  of c n m p r e s s i b i l i t y  nn t h e  me,xir~un l i f t  c"ef--  
f  i c i c n t ,  
4.  I t  i s  inil i c a t c . 6  t h a t ,  f  n r  n a n g i n a l  taka-off t h r u s t ,  . 
s o s n  i i :~prnvPzcn t  nay b ~  ~ f f e ~ t ~ d  w i t h n u t  s e r i o u s  l o s s  a t  
h i g h  sP;mfl b y  U S Q  ~f Clesign ce,rnbor s l i g h t l y  h i g h e r  th2,n 
wnuld T I P  d i c t a t o ?  by  h i g h - S ~ P P ?  c o n s i ? n r a t i ? n s  a l q n ~ .  
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Slope of radius 
through end of chord = 0.312 
L.E. radius = 0.396 percent 
-.----- 
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NACA Figs. 3,4 
F~aure 3.- Vcvriatien of Reyno/ds nvrnbe r. w h  
Much humber. 
Figure 5.- Vo~iot ior ,  in p r e s s u r e  di irfr / 'bution over fhe f o r w a r d  50 percen P of f he 
c . ,  upper ~urfcrce wi+h Mach number f o r  t h e  N A C A  16-515 of an angle 
of oftarch of // desrees. 
Rgwe 6.- Vorr'a Pion in pressurG d / 's t r ibut ion  o v e r  fbr ward 50 perce/7+ of ?the 
upper J U P ~ U C ~  with Mach n u m b e r  for  t h e  N A C A  /6-5/5 a+ a n  aqg/e 
of attuck of /2 degrees. 
N A C A  Figs. 7,8 
FrJjure 7.-vor/crfion in p r e s s u r e  4 / s f r i b u t f o n  over the for wcrrd 50 percen ;f of 
the u p p e r  surface w r t h  M?ch n u m b e r  for  fhe  NACA /6-509 uf an um&/e 
of uffuck of 7 degreer .  
Figure 8,- 
VoriazLt'on in prcw&pa drCrfr/bufion over *he f b r w r d  JZa pcrcerrt Of the 
upper J ~ C C  with Much number +br f ie  M A C 4  M-009 d on ong/e 
of aftack of  8 ocgrrrs. 
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